Abstract. Excitation functions, neutron spectra, and angular distributions in the (p,n) reaction on isotopes of Zr have been measured in the proton energy range of (7-11) MeV. The measurements were performed on the pulsed tandem accelerator EGP-15 of IPPE by time-of-flight fast neutron spectrometer. Analyses of the measured data have been carried out in the framework of statistical equilibrium and pre-equilibrium models of nuclear reactions. The contribution of non-equilibrium emission has been studied. 
INTRODUCTION
In spite of continual interest in elaboration of fundamental approaches in the description of a nuclear interaction in megaelectronvolt energy range the complete understanding of nuclear reaction mechanisms and excited nucleus properties is not achieved yet. Experimental data on differential particle emission cross sections in nuclear reactions are a main criterion for the answer to the question about the contribution of this or that mechanism to the dynamics of particle emission. In turn, reliability of education on non-equilibrium processes affects the precision of extraction of the information about such important statistical performance of the highly excited nucleus as nuclear level density. The required accuracy of level density knowledge for nuclear cross-section calculation problems is ~10% in a wide range of excitation energy from 0.1 MeV to 20 MeV, and the existing data are often differed by 1.5 times. The experimental data on the nuclear level densities for many nuclei are derived, in the main, from the analysis of neutron resonance data and low-lying state data. But this information is limited to rather narrow ranges of excitation energy and spin, and its extrapolation can lead to essential errors both in absolute value of nuclear level density and its energy dependence, especially in the transition field from well-identified discrete states to the continuum part of the excitation spectrum. Obviously, it is necessary to employ other experimental methods of nuclear level density determination with a scope of wider ranges of excitation energy, spin, and both parities. One such method is the measurement and analysis of the particle emission spectra in different nuclear reactions. In this case the type of reaction and the energy of incident particles should be chosen so that the contribution of non-equilibrium processes was minimum. For the middle and heavy nuclei these conditions are best satisfied with the (p,n) reaction at proton energy up to 12 MeV. In the present work the differential neutron emission cross sections for the (p,n) reaction on nuclei of 56 Fe, 57 Fe, 90 Zr, and 94 Zr in the proton energy range of (7-11) MeV have been measured and analysed in the framework of statistical equilibrium and preequilibrium theory to study the reaction mechanisms and to determine the nuclear level densities of 56 Co, 57 Co, 90 Nb, and 94 Nb.
EXPERIMENT
Neutron spectra from the (p,n) reaction on nuclei of 56 Fe, 57 Fe, 90 Zr, and 94 Zr have been measured at proton energies between 7 and 11 MeV. The measurements of neutron spectra were performed by the time-of-flight fast neutron spectrometer on the pulsed tandem accelerator EGP-15 of IPPE in the angle range of (20-140)° in steps of 10°. 252 Cf prompt fission neutron spectrum by the time-of-flight method with use of a specially designed fast ionization chamber in the same geometry of the experiment. The detector efficiency was reduced then from comparison of the measured spectrum with the standard one [1] . For control of the spectrometer stability and quality of beam pulses an additional detector was used on the basis of fast plastic scintillator and photomultiplier FEU-82, with which the peak of γ-quanta from the beam stopper of the Faraday-cup was registered. The electronic circuits of the spectrometer, its detecting, storing, and data processing circuits are described in detail in [2] . The neutron spectrum measurement procedure has consisted of measuring with the target and without it for the same proton flux. The background was small in magnitude and practically uncorrelated over time. The high resolution (~0.6 ns/m) and stability of the time-of-flight spectrometer allowed reliable identification of the discrete low-lying levels together with the continuum part of the neutron spectra. Typical angle-integrated neutron emission spectra from the (p,n) reaction on 56 Fe, 57 Fe, 90 Zr, and 94 Zr at separate proton energies are presented in Fig. 1 .
DATA ANALYSIS
The analysis of the measured data has been performed within the framework of statistical equilibrium and pre-equilibrium models of nuclear reactions. Calculations of equilibrium neutron emission are carried out using the exact HauserFeshbach theory. The contribution of the nonequilibrium mechanism of reaction is calculated on the exciton pre-equilibrium model as formulated by Kalbach in the code PRECO-B [3] . The parameter "k" accounted for the interaction between particle-hole states and its influence on the pre-equilibrium contribution was chosen equal to 150 MeV 3 , which is in the range of recommended values (130-170) MeV 3 . The single-particle level spacing g=A/13. The factor taking into account distinction of neutrons and protons in the internuclear cascade was calculated in the assumption, that in each pair interaction the proton and neutron are created with relative probabilities Z/A and N/A. All calculations within the framework of the optic-statistical approach have been carried out with GNASH [4] and PEAK-98 [5] codes, allowing tracing decay of the excited nucleus in view of all possible emission channels. The procedure of nuclear level density determination consisted of the following:
1. The model parameters of the level density are adjusted such that the cross section calculated by means of the Hauser-Feshbach formula fits the measured value in the energy range of well-known low-lying levels. It means that the total decay width of the compound nucleus is determined.
2. Using, at first, the chosen model of the level density and, in the next iterations, the absolute values of the level density, the differential cross section for the continuum part of the spectrum is calculated and the absolute level density is determined at a wide range of excitation energies from the best fit with the spectra measured.
Determination of the nuclear level density is carried out, at first, from the analyses of neutron spectra measured at low proton energy, for which it is possible to guarantee the lack of contribution in the cross section of the (p,n) reaction for all other mechanisms except the statistical equilibrium one. With an increase of proton energy the contributions of the pre-equilibrium mechanism and the second step of the (p,pn) and (p,2n) reactions were taken into account. At attainment of the maximum excitation energy the return to the beginning step of the iteration process takes place. The criterion χ 2 was used for optimal fit between experimental and calculational spectra. At low excitation energies the transition to well-identified discrete levels of residual nucleus has been calculated. The calculated cross sections for the comparison with the experimental data have been averaged over the excitation energy in line with the normal procedure. The dispersion of the distribution corresponded to the spectrometer resolution. The necessary optical-model transmission coefficients were calculated in the framework of the strong channel coupling method by the ECIS code [5] . The criterion for the choice of proton optical potential was a fit of excitation functions measured and calculated [7] . The choice of a neutron optical potential is a very essential factor of uncertainty in the present method of nuclear level density determination, and as a result of performed analysis of data on neutron total and elastic scattering cross sections, preference was given to potential from [8] . The input level density parameters in all compound nucleus decay channels in calculations were chosen so that the calculated nuclear level density agreed with low-lying level data [9] and neutron resonance data [10] . 
RESULTS
The typical best-fit neutron spectra from reactions of 56 Fe(p,n) Nb at separate proton energies calculated according to the described procedure are shown in Fig. 1 Nb are presented in Tables 1 and 2 . Nb the excess of experimental data is observed over the calculation displayed as separate peaks. Such a structure is not featured within the framework of equilibrium and pre-equilibrium models of nuclear reactions and this is caused, apparently, by direct excitation of states shown as maximums in nuclear strength functions in relation to external fields. As was shown by us in [11] , on the basis of the analysis of neutron spectra in the reaction 90 Zr(p,n) 90 Nb at a proton energy of 22 MeV, similar structures are accounted for in the question of the direct one-step mechanism of excitation within the framework of the microscopic DW method with G-matrix effective NNinteraction and nuclear transition densities of Fermisystems theory.
The extracted level densities for residual nuclei of 56 Co, 57 Co, 90 Nb, and 94 Nb excited in studied reactions are presented in Fig. 2 . The total uncertainties of the level densities were equal to ~ 20%. The results obtained in the present work are in agreement with low-lying state data [9] , with neutron resonance data [10] , and with data of work [17] for 57 Co, obtained also from analysis of neutron evaporation spectra in reaction 57 Fe(p,n) 57 Co and Ericson fluctuations in nuclear reaction cross sections. The values of level density for 56 Co are in agreement in the limits of errors with the results of [12] obtained by us earlier and also from the measurements neutron spectra from the (p,n) reaction at a proton energy of 11 MeV on the 150-cm cyclotron time-of-flight facility. As can be seen the better resolution realized in the present measurements allowed observation of the structure in the nuclear level densities of 56 Co and 90 Nb at excitation energies essentially higher than the upper border (~1.5 MeV) of well-known low-lying levels. This effect for nuclei near by filled shells ( 208 Bi and 209 Po) already was marked in our work [13] . For 57 Co and 94 Nb the structure in this range of excitation energy is feebly marked and is in the limits of errors of nuclear level density definition.
The results of nuclear level density calculations obtained in the framework of the generalized superfluid model of nucleus (GSN) [14] , the backshifted Fermi-gas model (BSFG) [15] , and the approach of Gilbert -Cameron (G -C) [16] with parameters recommended in these model systematics also are presented in Fig. 2 Nb are close to the determined ones in the present work.
CONCLUSION
Differential neutron emission spectra in the (p,n) reaction on isotopes of 56 Fe, 57 Fe, 90 Zr, and 94 Zr have been measured and analyzed in the framework of optic-statistical formalism of equilibrium and preequilibrium particle emission in nuclear reactions. The contributions of equilibrium and non-equilibrium neutron emission have been studied. The absolute nuclear level densities of 56 Co, 57 Co, 90 Nb, 94 Nb, and their energy dependences have been determined. In energy dependences of the level density of 56 Co and 90 Nb above the border of well-known low-lying states is displayed the structure connected with the shell inhomogeneities of a single-particle state spectrum. It is shown also that the obtained data differ essentially from the predictions of nuclear level density model systematics. Nb.
